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Abstract 
A study of release, migration, sorption and (re)precipitation of U during alteration under oxidizing conditions were 
carried out in U minerals from a granite and hydrothermal quartz veins.  U-bearing minerals can be related with 
precipitation from faults or solubilization and remobilization minerals by meteoric waters. The hot meteoric fluids 
dissolved (the remaining) uraninite, coffinite, thorite, etc. in the granite and apatite, monazite, xenotime in the quartz 
veins. These fluids were responsible for the growth of U-bearing minerals in the hydrothermal quartz veins, by 
adsorption or by precipitation. The neoformation associated to weathering could be a mechanism of U concentration. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Uranium is a structural constituent in nearly two hundred mineral species1 and more than two hundred uranium-
bearing mineral phases were compilated by2. Uranium could be an energy resource and play a role in environmental 
problems associated with the disposal of radioactive waste materials, mining contamination and remediation of 
contaminated sites. Uraninite is the most important uranium mineral in terms of abundance and economic value3 and  
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the principal ore mineral in the Portuguese uranium mineral deposits4. In general, it occurs in granites, pegmatites and 
associated quartz veins and is unstable in acid and oxidizing conditions like those found in acid hydrothermal and 
meteoric fluids. It is easily dissolved and probably the most important source of dissolved U in groundwater emanating 
from weathered granite terrains5-10. Other U-minerals from rocks (e.g. thorite, huttonite, thorianite, monazite, titanite, 
xenotime, allanite, zircon) and their alteration by acid hydrothermal or meteoric fluids is also a source of dissolved U 
in hydrothermal fluids or surface waters and groundwater. Many uranium deposits are derived from the dissolution of 
these uranium minerals9, 11-14. The principal mechanism of dissolution of U from minerals is oxidation: The principal 
oxidant is Fe3+(15), which is produced by the oxidation of pyrite, and usually found associated with uranium minerals. 
The uranyl ion (UO22+) and its complexes are soluble in water and can be transported over distances up to kilometres. 
Changes in aqueous chemistry, temperature, and pressure lead to the precipitation of new uranium minerals, such as 
uranyl oxyhydroxides, carbonates, silicates, phosphates, etc.3, 12  
A systematic study using scanning electron microscopy and electron microprobe is now presented in uranium 
minerals and uranium-bearing minerals from the Variscan peraluminous biotite granite and from the related 
hydrothermal brecciated quartz veins in order to study the release, migration, and sorption and (re) precipitation of U 
under oxidizing conditions. 
 
2. Geological setting 
A coarse- to very coarse-grained porphyritic biotite Variscan granite is located in central Portugal and forms the 
border of the Beiras batholith. The granitic magma intruded the Beiras Group, a Cambrian metassedimentar sequence 
of phyllites and metagraywakes, with intercalations of metasandstones and metaconglomerates. The granitic intrusion 
produced a contact metamorphic aureole with an outer zone of porphyroblastic micaschist, and an inner discontinuous 
zone of hornfels. Close to the contact, the granite shows a plane-linear fabric due to the N-S to 10ºE orientation of 
feldspar phenocrysts caused by magmatic flux. NE-SW and also some NW-SE aplite, aplite-pegmatite and pegmatite 
veins and numerous quartz veins cut the granite. The uranium quartz veins cut the country phyllites and are thin, 
brecciated, aligned along the N45ºW direction of phyllite flux cleavage, and contact granite-country rock. They fill 
old NW-SE faults in the interception of this fault system with late N20-25º W faults, but also occurs disseminated in 
the phyllite at vein walls. The U-mineralization consists of secondary U-phosphates, mainly saleeite and meta-saleeite 




Uraninite is magmatic and occurs mainly in the unaltered granite, is rare in the altered granite and was not found 
in the mineralized quartz veins. Uraninite from the altered granite is fractured and hydrated, has the radioactive 
damage halos filled with late pyrite, U-S-bearing phases and Fe oxyhydroxides (Fig. 1a, b) and its analytical totals are 
lower than in the uraninite from the unaltered granite(12). The alteration zones and crystal rims are poorer in U (86.7 
wt.% UO2) than the cores and unaltered zones (90.2 wt.% UO2) and some uraninite crystals are replaced by coffinite, 
U[SiO4]1-x(OH)4x, which results from uraninite alteration (Fig. 1c). The U contents in coffinite crystals range between 
65.0 wt.% UO2 in the rims to 84.0 wt.% UO2 in the cores of crystals. Thorite, (U,Th)SiO4, was found in all the granite 
samples and its composition is variable from 0.5 to 10.4 wt.% UO2. Some thorite seems to be primary, whereas the 
other is related to the granite alteration and replaces apatite and monazite, is associated with xenotime, (YPO4), and 
fills fractures of several minerals (Fig. 1d, e, f). In the altered granite, thorite has low UO2 contents (0.46 wt.%) in 
fractured crystal zones. Monazite from the altered granite has a pervasive porosity and some crystals were formed by 
alteration of apatite, and are frequently replaced by thorite (Fig. 1e). Monazite and xenotime from altered granite and 
hydrothermal veins have lower U contents than these minerals from unaltered granite. In the altered granite, xenotime 
crystals are zoned, with cores richer in U than the rims. Apatite from the altered granite is fractured, shows dissolution 
and has lower U and P contents than apatite from unaltered granite. In quartz veins, apatite crystals are replaced by 
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uranium phosphates (Fig. 1g) and have high U contents (~1.1 wt.% UO2) 12 . In quartz veins, zircon rims have an 
extraordinary U enrichment (up to 18 wt.% UO2) compared to cores (up to 0.33 wt.% UO2) 12. The most altered rims 
of chlorite and anatase from quartz veins are partially replaced by U-bearing Fe oxyhydroxides (Fig. 1h), containing 
up to 5.7 wt.% UO2. Meteoric water warmed by deep circulation through granite faults, shear zones and quartz veins 
became enriched in U, P and Mg due to the solubilization of mainly uraninite, coffinite, thorite and monazite, apatite, 
chlorite. Uranium from these solutions was later adsorbed on Fe oxyhydroxides, weathered surfaces of anatase, zircon 
and apatite, or precipitated as saleeite and meta-saleeite at the surface of Fe minerals (Fig. 1g, i) and at apatite 
weathered surface due to local saturation. 
 
Fig 1. Backscattered images of minerals from the Variscan granite and related mineralized hydrothermal quartz veins, Central Portugal.  
(a) crystal of uraninite (U), rimmed by a radioactive damage zone filled with U-Fe-bearing phases (U-Fe-phase) and pyrite (Py), enclosed in 
quartz (Q); (b) crystal of uraninite (U), rimmed by a radioactive damage hallo filled with U-Fe-S-bearing phases (U-Fe-phase) and pyrite (Py), 
enclosed in quartz (Q) and associated biotite (B); (c) corroded crystal of coffinite (Cof) enclosed in fractured quartz (Q), associated with an Pb 
oxide (Pb); (d) fractured crystal of monazite (Mon), replaced by thorite (Th) and xenotime (Xe), enclosed in  biotite (B); (e) fractured crystal of 
apatite (Ap), replaced by monazite (Mon), which is replaced by thorite (Th), enclosed in biotite (B) and associated muscovite (M); (f) fractured 
crystal of apatite (Ap), replaced by thorite (Th) rimmed by ilmenite (il), enclosed in biotite (B) and chlorite (Cl); (g) uranium phosphates (S) 
replacing apatite (Ap), filling quartz (Q) fractures with also chlorite (Cl); (h) chlorite (Cl) weathered to Fe oxyhydroxides (Fe) associated with 
quartz (Q); (i) uranium phosphates (S), filling fractures in the mineralized quartz (Q) veins, associated with U-rich Fe oxyhydroxides (Fe-U) and 
pyrite (Py) and Fe oxyhydroxides,(Fe). 
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4. Discussion and conclusions 
Uranium-bearing minerals in the unaltered granite are uraninite, thorite, xenotime, Ce-monazite. Zircon and apatite 
also present some U. The textural, mineralogical and chemical changes found in this research show that uraninite, 
coffinite, thorite, xenotime, Ce-monazite, zircon, apatite, chlorite, anatase, from granite and/or hydrothermal 
mineralized quartz veins are altered, dissolved and vacuolated. The rims of uraninite, coffinite, thorite, xenotime and 
Ce-monazite, are poorer in U than respective cores, indicating uranium removal to the fluid, while the altered rims of 
zircon, apatite, chlorite and anatase crystals are richer in U than respective cores. The enrichment in U is related to the 
presence of Fe minerals, Fe oxyhydroxides and altered apatite. 
The U-mineralization in the quartz veins occurs in the intersection of two fault systems and the paragenetic 
sequence has three phases. The first phase originated silicates, sulphides, wolframite and phosphates (apatite, xenotime 
and monazite), the second is dominated by silicates while the precipitation of the U-phosphates occurs in the third 
supergenic phase, associated with Fe oxyhydroxides12. The large and deep Variscan faults and shear zones in the 
granite were reactivated by the Alpine tectonism and gave rise to a deep circulation of meteoric waters within the 
granite and along the quartz veins. The waters were heated up and became enriched in uranium by solubilization, and 
locally the completely remobilization of U-bearing minerals4. These hot meteoric fluids dissolved uraninite, coffinite, 
thorite, monazite, xenotime and apatite in the biotite granite and apatite, monazite and xenotime in the quartz veins, 
which became enriched in U and P. The leaching of uranium from fertile granites represents a major source of uranium 
to hydrothermal fluids13. These fluids were responsible for the growth of a new mineral assemblage in the 
hydrothermal quartz veins, where the dissolved U was fixed on the altered surface of minerals, like zircon and apatite, 
by adsorption11, or by precipitation as uranium minerals, such as saleeite and meta-saleeite. The neoformation of 
discrete minerals on high-surface area weathering products, rather than direct elemental adsorption, could be a major 
mechanism in U secondary concentration16. 
Phosphorous resulted from the dissolution of apatite, monazite and xenotime from the granite and mineralized 
quartz veins and Mg mainly from chlorite alteration were released to the fluid. The precipitation of U-phosphates 
occurred at the surface of anatase and Fe oxyhydroxides, released from altered chlorite and sulphides, and at the 
altered apatite surface. As groundwater is undersaturated with respect to uranyl phosphates, such as saleeite17, simple 
solubility-controlled precipitation was not the major mechanism, but only one for the formation of the U-
mineralization12. This precipitation at the surface of the new Fe-minerals was the main factor responsible for U 
retention within the quartz veins leading to the uranium phosphate mineralization. However, saleeite was also found 
replacing U-rich apatite and apatite is rare in the mineralized quartz veins, because it was replaced by monazite and 
U-phosphates. The hydrothermal fluid is rich in U and Mg and saleeite and meta-saleeite precipitated at apatite 
weathered surface. The immobilization of U(VI) from aqueous solutions in a solid phase by interaction with apatite 
has been studied, and the dominant mechanisms are: dissolution-precipitation or sorption onto the apatite surface with 
formation of amorphous or microcrystalline U phases18,19. 
The uranium released from uraninite (and thorite?) in the early hydrothermal alteration of the granite was 
immobilized in coffinite. Later, meteoric hot fluids, circulating through reactivated deep faults, promoted a high 
dissolution of (remaining) uraninite, coffinite, thorite, xenotime, monazite in the granite and quartz veins and became 
enriched in uranium. The alteration of monazite and apatite from the granite and the mineralized quartz veins released 
P to the fluid, while Mg and Fe were released from the weathering of chlorite and sulphides.  
Close to the surface, where oxygen content is high, the brecciated quartz veins are structural traps where Fe is 
immobilized as Fe oxyhydroxides. These Fe oxyhydroxides precipitated in fractures, pores and rims of the altered 
zircon, anatase and chlorite. The precipitation of U-phosphates occurs at the surface of these Fe oxyhydroxides and in 
the weathered surface of apatite, immobilizing the uranium.  The Fe oxyhydroxides can also have adsorbed some U, 
P and Mg, and its transformation to hematite or goethite leads to the precipitation of U-phosphate minerals. The uptake 
of U by Si/Al/Fe gels could also occur12. 
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